Long range correlations in a 97% excitonic one-dimensional polariton condensate 
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We report on the realization of an out-of-equihbrium polariton condensate under pulsed excitation 
in a one-dimensional geometry. We observe macroscopic occupation of a polaritonic mode with only 
3% photonic fraction, and a nature strikingly close to that of a bare exciton condensate. With the 
help of this tiny photonic fraction, the condensate is found to display first-order coherence over 
distances as large as 10 microns. Based on a driven-dissipative mean field model, we find that the 
correlations length is limited by the effects of a shallow disorder under non-equilibrium conditions. 



PACS numbers: 71.36.+c,78.55.Et,71.35.Lk,67.85.De 

By cooling down a gas of bosons below a critical tem- 
perature, a large fraction of the gas suddenly "condenses" 
into a single quantum state. This phase is character- 
ized by the formation of off-diagonal long range order, 
that reaches infinity only in the specific case of a uniform 
Bose-Einstein condensate [T] . The transition to the quan- 
tum regime occurs when the average correlation length 
Ac within the gas becomes comparable with the mean in- 
terparticle distances d ~ n^^/"^, where n is the particle 
density. This quantum-coherent regime is not restricted 
to Bose-Einstein condensates. In more complex quantum 
fluids, the range of the correlations is in general large but 
finite, and its decay is determined by the interactions 
strength, the dimensionality-dependent quantum fluctu- 
ations, the losses, and the disorder. For example, the first 
quantum many-body bosonic system to be identified as 
such was superfluid Helium IV. Indeed London has been 
the first in 1938 to relate its behavior with the formation 
of a macroscopic "condensate" in spite of its liquid 
phase, and strong interactions. 

Later, the notion of quantum gases has been shown to 
be a pertinent one for excitonic gas in solid state envi- 
ronment. Indeed, Blatt and Moskalenko predicted that 
they could undergo Bose-Einstein condensation at ele- 
vated temperature (T ~ IK) thanks to their very light 
mass jS] 11]. Pioneering experiments have been carried 
out since then, showing that it is in fact difficult to reach 
the quantum regime with excitons. The most striking 
examples are exciton gases in cuprate semiconductor ma- 
terials [S]-[7] and in coupled quantum wells [8,. In these 
systems, excitons have a lifetime long enough to thermal- 
ize so that the correlation length is set by the thermal de 
Broglie wavelength A^; — ^J^h^W^JmJijfT , where ra^ is 
the exciton effective mass, /c^ is the Boltzmann constant 
and T the temperature. A^; typically amounts to a few 
tens of nanometers at T = \K. The quantum regime 
is in principle achievable since at condensation threshold 
the interparticle distance is still larger than the Bohr ra- 



dius. However, at such densities the long range nature of 
Coulomb interactions causes excitons to scatter strongly 
with each other, resulting in Auger driven heating of the 
gas, or biexciton formation P]. Excitons can also get 
trapped locally due to short range disordered potential 
|10| . All these mechanisms can be detrimental enough 
to prevent reaching quantum degeneracy. It is only very 
recently that a first indication of long-range correlations 
in a bare exciton gas has been reported in a ultra-high 
quality coupled quantum wells system |11| . But a clear 
cut demonstration has remained elusive so far. 

Over the last decade, another strategy has proven more 
fruitful to achieve quantum phase of Bose gases in solid 
state environment. In semiconductor microcavities in the 
strong coupling regime, elementary excitations are not 
bare excitons but exciton-polaritons, which can be under- 
stood as excitons strongly dressed with the cavity photon 
field. With polariton gases, Bose-Einstein condensation 
[T2] and superfluid behavior |13ffT5] have been demon- 
strated unambiguously together with many interesting 
new features resulting from their out-of-equilibrium sit- 
uation. The reason for this success is that polaritons 
have a mass rup typically four orders of magnitude lighter 
than that of bare excitons m^.. Whether polaritons are 
at thermal equilibrium or not, this ultralight mass is the 
key feature. Indeed, in the latter case usually referred as 
polariton lasing |16j , the maximum kinetic energy of the 
condensate is limited by the finite polariton linewidth /iF 
instead of fcT in the thermal case, i.e. lT?k'^/2mp — KT 
where Ap = 2TTh/kp is the correlation length. There- 
fore, with a correlation length typically 100 times larger 
than bare excitons, polaritons enter the quantum regime 
at a density six orders of magnitude smaller. At such 
small density. Coulomb interactions between polaritons 
PTj have a much less detrimental effect for the formation 
of long range correlations. 

Interestingly, the polariton effective mass nip depends 
on the photonic weight |Gp of the dressed state according 
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to the simple relation: 

^JGl^\Xl 
•nip nig nix 

where 771^ is the undressed exciton mass, nig is the bare 
cavity effective mass, |Xp = f — jGp is the excitonic 
weight of the dressed state. This simple equation has 
a striking consequence: since typically nig/nix < 10~*, 
even excitons with a few percent of photonic dressing 
might become light enough to overcome the difficulties 
encountered with gases of bare excitons. 

In this letter, we show that in ZnO microwires featur- 
ing one dimensional confinement, a polariton condensate 
with only jCp = 3% photonic fraction is obtained above 
a threshold density by polariton lasing mechanism. We 
find that in spite of this largely dominant excitonic na- 
ture, the measured correlation length of this nearly ex- 
citonic condensate is surprisingly large, i.e. comparable 
with that previously reported in condensate of ^ 50% 
photonic polaritons. Using a mean field model, we dis- 
cuss in detail the measured first order correlations func- 
tion and find that its decay is well accounted for by the 
non-equilibrium features of the measurement in the pres- 
ence of a shallow disorder and weak interactions. 

ZnO microwire polaritons result from the strong cou- 
pling regime between the whispering gallery modes 
(WGMs) and the bulk ZnO excitonic transitions (usu- 
ally labeled A, B and C in order of increasing transition 
energy, their splitting resulting from the wurtzite uni- 
axial symmetry |18p. Due to momentum discretization 
in the direction perpendicular to the wire axis, exciton- 
polaritons are intrinsically one-dimensional in this system 
|19| . Very large Rabi splittings ranging from 200meV to 
SOOmel^ have been reported already in such microwires 
[191 [20] which result from the large intrinsic dipole mo- 
ment of ZnO exciton, and from the large integral overlap 
between the WGMs and the excitonic medium. More- 
over, owing to a very small excitonic Bohr radius of 
as — 2.3nm, polaritons in ZnO are weakly interacting 
as compared to other materials. 

One-dimensional polariton gases have been studied al- 
ready in other systems and materials: long range corre- 
lations [2Tj and complete measurement of the one-body 
density matrix |22| have been reported in linear defects 
of a Telluride microcavity. Similar results have been 
obtained in high-Q Arsenide-based microcavities etched 
into linear waveguides j23|. In all these works the pho- 
tonic fraction is |Gp < 50%. The realization of polariton 
states with a large excitonic fraction is an experimental 
challenge since it is difficult to obtain well-defined po- 
lariton mode of energy close to that of the bare exciton 
reservoir. To do so, one needs a very large Rabi splitting 
and a very low excitonic inhomogenous broadening, so 
that very excitonic modes remain in the motional nar- 
rowing regime |24| . i.e. the modes remain spectrally nar- 
row and well separated from the exciton reservoir. ZnO 
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FIG. 1. (Color online) a) Measured photoluminescence in 
momentum space over a large spectral range. Several one 
dimensional lower polariton branches are visible, each corre- 
sponding to a different transverse state. Dashed lines : fit of 
the dispersion branches using a semiclassical model (see text) . 
(b) Spectral zoom over the spectral range of interest, below 
the lasing threshold, and (c) above, (d) scanning electron 
micrograph of the microwire. 



microwires fulfill both requirements: they display the 
largest Rabi splitting ever reported in inorganic semi- 
conductor materials and an excitonic homogeneous plus 
inhomogeneous broadening which we measured to be as 
low as l.^meV at cryogenic temperature, this latter fea- 
ture being due to the excellent crystalline quality of the 
bulk excitonic medium. 

Experiments on cold (T = AQK) single crystalline 
ZnO microwires of hexagonal cross-section, with typically 
50/xm length and 2/im diameter are reported in this let- 
ter. A micro-photoluminescence setup is designed with 
spatial and angle-resolved detection capabilities. In ad- 
dition a modified Michelson interferometer |12l ET] is in- 
serted in the detection path in order to perform spatio- 
temporal first order correlations measurements along the 
ID polariton condensate. The polariton population is 
optically excited along a chosen segment of the wire (typ- 
ically over 20/im), with a frequency doubled Titanium- 
Sapphire picosecond laser tuned at resonance with the 
A exciton plus lOnieV excess energy. Considering the 
exciton binding energy of 60mel^, no free charges were 
excited in this way, nor C excitons. 

In a first step, the Rabi splitting of the microwire is ac- 
curately determined using energy and angle-resolved pho- 
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FIG. 2. (Color online) a) Output polariton emission inten- 
sity (circles) and linewidth of the emission (stars) vs input 
excitation. Vertical dashed line: polariton lasing threshold, 
b) Blueshift of the polariton emission over the same range of 
excitation power, c) Filled blue circles: measured excitation 
threshold for polariton lasing vs polariton branch energy. Hol- 
low circles above: theoretical gain peaks and typical linewidth 
(horizontal black line) of the mechanisms considered in the 
text. 



toluminescence measurements realized under weak exci- 
tations, as shown in Figjlja. In this plot, several lower 
polariton branches are visible, each corresponding to the 
coupling with a different WGM. Following a semiclas- 
sical approach [231 detailed in pS], the lower polariton 
dispersion branches are fitted with a single set of two 
free parameters, i.e. the overlap integral and the Rabi 
splitting HQ. In this example. An overall Rabi splitting of 
hft = 288meV ±29meV is found where both A and B ex- 
citon contributions are included; C exciton contribution 
is vanishing due to polarization selection rule. This value 
hardly changes from wires to wires of diameter d > Ifim. 

Upon increasing excitation density, we observe the sud- 
den appearance of a macroscopic population of the kz — 
polariton state in a polariton branch situated 20meV be- 
low the bare A exciton (cf. Fig|l]b and Figjljc). Due 
to the pulsed excitation, this effect is of the polariton 
laser type. The latter is identified by studying the be- 
havior of the emission intensity / as a function of the 
excitation power P. The results are shown in Fig|2]a. 
At low density, the polariton emission is linear with the 
excitation intensity, as expected from phonon-assisted 
relaxation of reservoir excitons. At intermediate den- 
sity, two-body scattering in the exciton reservoir starts 
to contribute to the dynamics and causes a nonlinearity 
with an approximate / ~ pi-S dependence. Scattering of 
the exciton bath with polaritons also causes a slight in- 
crease of the linewidth in this regime. Above threshold, 
in spite of the time integrated nature of the measurement, 
a much stronger nonlinearity shows up accompanied by 



an abrupt narrowing of the linewidth, whose size is lim- 
ited by the apparatus resolution of 200 ^eV. 

This is the usual behavior expected in the case of po- 
lariton lasing, with two unusual characteristics. First, 
unlike microcavities made of other materials like Ar- 
senides, Tellurides or Nitrides, the polariton emission 
hardly blueshifts at all at threshold until the excitation 
intensity becomes ten times larger. This is due to the 
very small excitonic Bohr radius in ZnO which results 
in lowered inter-polariton Coulomb interaction. It also 
guarantees a fortiori that lasing occurs in the strong- 
coupling regime. Second, we find that the photonic frac- 
tion of the condensate is as low as jCp = 3%. We extract 
this value from the polariton laser energy hup and Rabi 
splitting, using the expression of the electromagnetic en- 
ergy density in dispersive media |27| : 
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where the A and B excitonic transition energies huj^A 
and hiOxB have been merged into a single one since 
^ uJxB — oJxA- Another estimate jGp = 2.4% is con- 
sistent with the previous one and does not require the 
knowledge of f2. It is obtained from the measurement 
of the effective masses and using Eq.Q which simplifies 



into |G|" 



rj/nip. The polaritonic effective mass is 



deduced from the measured curvature of the dispersion 
relation in Fig|T]b, and the bare photonic mass amounts 
to TUg = nohuip/c^ with hq — 2.35, the background di- 
electric constant in ZnO and c the speed of light. 

Among the numerous available lower polariton modes, 
why does the system choose a mode for lasing with such a 
large excitonic fraction? In fact, as usually assumed with 
polariton gases, the polariton laser is fed by a stimulated 
inelastic scattering mechanism where free excitons in the 
reservoir are transferred towards the polariton states. In 
order to find out at which polariton energy the lowest 
threshold occurs, we measured the excitation threshold 
for lasing versus the polariton energy, and compared the 
energy of this lowest threshold with various possible scat- 
tering mechanisms. The results are shown in Fig|2] It 
follows that due to the large Rabi splitting all possible 
mechanisms would provide laser gain in a spectral re- 
gion where the polaritons have a large excitonic fraction. 
Moreover, according to our measurement (blue rectangle 
in Figplc), a gain mechanism based on biexciton ('X^iX^' 
in FigT2]c) recombination is likely to be involved, as re- 
ported previously in Nitride planar microcavity |28| . A 
mechanism based on scattering between a free A exci- 
ton and a bound exciton ('BX' in Figj2]c) could also be 
a good candidate On the other hand, some other 

mechanisms, although popular in the domain of photon 
lasing in bulk ZnO slab, can be unambiguously ruled out 
by this comparison. These include exciton-LO phonon 
scattering ('LO' in Figj2jc), and free A exciton-exciton 
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FIG. 3. (Color online) Measured g^-^\x, —x) functions on two 
points of two different wires, below (red circles) and above 
(blue squares) threshold. Condensate energies: 3351meV (a) 
and 3353.2meV (b). Solid lines: theoretical fit of the data: 
below (red line) and above (blue line) threshold (details in the 
supplemental material), c) and d) microphotoluminescence 
images obtained below threshold. Dashed blue line: potential 
experienced by the polariton condensate of (a) and (b). 

scattering resulting in the so-called P-band (P^^^ and 
P(2) in Figdc) |30J. 

In order to determine the nature of this quasi-excitonic 
polariton condensate confined in a one-dimensional 
waveguide, we performed spatial correlations measure- 
ments at zero time delay. This is obtained by inter- 
ferometric measurements performed with the condensate 
emission |12) . Since the excitation is pulsed, we measured 
the time-integrated normalized correlation function 

5^ >{x, -x) = (3) 
^J^\^ix,tWdtJ^\^{-x,t)\^dt 

where ^ is the condensate wavefunction and the point 
a; = is chosen in the middle of the polariton conden- 
sate, homogeneously excited over by an ellipsoidal 
laser spot. Since in an out-of-equilibrium situation two or 
three modes can sometime contribute to the condensate 
|31| . the obtained interferogram is spectrally resolved in 
order to select only the dominant transverse mode (The 
full g^^\x,—x,uj) spectra are shown in the supplemen- 
tal information). The results are shown in Figjsja and 
Fig|3]b in two different wires of similar diameters for the 
sake of generality. Below threshold, the correlations are 
very short, far below our experimental resolution of l/im, 
and entirely determined by the numerical aperture of our 
detection objective [32] • Above threshold, in the lasing 
regime, we observe that a significant amount of correla- 
tions build up over 10/zm length. This measurement 
shows that in spite of a largely excitonic nature, the en- 
hanced interactions and the much larger mass (by a factor 
of ~ 15) with respect to 50% photonic polaritons do not 
prevent the formation of correlations over long distances. 
The measured g^^\x,—x) also exhibits modulations and 
decay versus x slightly different for both condensates. By 



analyzing in detail these features, we can determine the 
nature of the condensate, i.e. whether the correlations 
length is limited by the one dimensionality, the disorder, 
or the interactions. Note that in our experiment, unlike 
in most previous works, the correlations length is not 
limited by the excitation spot size. 

To understand the role of the disorder and interac- 
tions, the condensate wavefunction ip(x,t) is simulated 
[55] by a mean-field generalized Gross-Pitaevskii equa- 
tion including loss and gain, coupled via the gain term 
to a rate equation governing the dynamics of the exci- 
tonic reservoir density nii{x,t) [31], which in the case of 
a delta-pulsed pump can be solved analytically |35| . The 
simulations include a Gaussian random disorder of corre- 
lation length Ic and amplitude Vq, and take into account 
the finite aperture of the objective. We show in Fig|3]the 
results for the first-order correlation function (|3| with 
parameters close to the experimental conditions and two 
different realizations of disorder for each condensate. We 
find that the mean-field model well captures the main 
features observed in the experiment [33]. The decay of 
the correlations in the model, due to phase fiuctuations, 
originates from the out-of-equilibrium nature of the con- 
densate, under the combined effect of the random poten- 
tial which breaks spatial inversion symmetry and the ef- 
fect of the temporal average in Eq.([3|. The modulations 
are due to a shallow disorder of amplitude ~ 2meV, i.e. 
comparable with the polariton linewidth. In the model, 
the disorder sets also the width of the central peak, which 
in our measurements is of the order of the experimental 
resolution. In this regime the interactions only have a 
marginal effect on the correlations. Simulations predict 
a peak broadening at stronger interactions or weaker dis- 
order. 

In conclusion, we have shown that polariton lasing in 
ZnO microwires yields the formation of a one-dimensional 
weakly-interacting condensate of quasi-excitonic nature. 
This peculiar feature is achieved thanks to weak excitonic 
interactions together with a large Rabi splitting, and a 
negligible excitonic disorder of the bulk semiconductor 
material. In spite of the tiny photonic fraction, the cor- 
relations length of this condensate is found to be in the 
ten micron range, i.e. comparable to that of a 50% pho- 
tonic polariton condensate. According to our mean-field 
analysis, the first-order coherence is dominated by dis- 
order while interactions have a negligible effect. In this 
regime, the decay of correlations seems to be weakly af- 
fected by driven-dissipative induced noise [57] and quan- 
tum fluctuations |38| . Therefore, even heavier and more 
exciton-like - i.e. above 97% - ZnO microwire polaritons 
should still be able to easily condense. 
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